INTRODUCTION
Ischemic cardiovascular diseases, such as myocardial infarction (MI), are the leading cause of morbidity and mortality worldwide (1) . MI is caused by a shortage of the coronary blood supply to the myocardium and results in irreversible damage, including myocardial loss, pathological remodeling, cardiac dysfunction, and heart failure (2, 3). Therefore, therapies that improve neovascularization may prevent pathological deterioration and ameliorate cardiac function after MI (3, 4) .
Vascular endothelial growth factor (VEGF) is a key factor for both angiogenesis and vasculogenesis (5) (6) (7) . Owing to the efficacy of this factor, therapies with VEGF for the treatment of ischemic diseases have attracted great attention. However, until recently, most clinical trials have not provided convincing evidence for the therapeutic use of VEGF (4, 8, 9) . It has been reported in vitro and in mouse models that the angiogenic efficacy of these therapies is challenged by the ability to maintain the local VEGF concentration at an effective level (9) (10) (11) (12) (13) . Sequential vessel regression within 2 weeks after VEGF delivery also restricts functional revascularization because of the lack of additional regulation (9, 14, 15) . To avoid these pitfalls, it is crucial to provide an extracellular matrix (ECM) and recruit mural cells, such as pericytes or vascular smooth muscle cells (SMCs), to envelope and stabilize the nascent fragile endothelial tubes and subsequently achieve capillary stability and durable arteriogenesis (14) (15) (16) (17) . Therefore, the creation of an intramyocardial microenvironment with angiogenic incitation and arteriogenic support is likely key to promoting functional neovascularization after MI.
Cumulative studies have revealed that it is possible to use nanotechnology and biomaterials to recapitulate biomimic milieu and manipulate cell activities in vitro (18) (19) (20) . Such innovation has opened a new field in regenerative medicine far beyond the original scope of using biomaterials merely for controlled drug release. Accordingly, how to create an engineered niche in vivo that stimulates the tissue regeneration capability is an emerging and imperative question (21) (22) (23) (24) . For example, Martino et al. recently demonstrated the creation of an engineered microenvironment for bone healing in vivo, which recruits growth factors to the wound and convinces cells to repair the damage (25) . However, engineered microenvironments with curative efficacy are rarely successful from "bench to bedside," especially for cardiac tissue repair, because of the complexity of the native tissue construction and morphogenesis (26) (27) (28) .
Self-assembling peptide nanofibers (NFs) are short oligopeptides that self-assemble into nanofibrous gel when mixed with salt solution at physiological pH (29) . These unique properties make NFs not only slowly degradable and low in immunogenicity (30, 31) but also therapeutically potent for sustained release of a drug or growth factor via noncovalent coupling or covalent bonding (31) (32) (33) (34) . Specifically, recent studies have demonstrated that NF injections give rise to an intramyocardial microenvironment that promotes vascular cell infiltration and maturation (30, 35, 36) . Accordingly, we hypothesized that the injection of VEGF along with NF creates an intramyocardial microenvironment suitable for vascular cell recruitment, proliferation, and maturation and would thereby improve neovascularization and cardiac performance after MI in rodents.
RESULTS
Intramyocardial NF/VEGF improves cardiac performance in rats after MI To verify the functional role of VEGF in vitro, we tested recombinant human VEGF 165 (165 is the subtype isoform of VEGF) on rat endothelial cells and confirmed that VEGF had a dose-dependent effect on endothelial cell proliferation and reached a saturated functional dose at 10 ng/ml ( fig. S1A ). This was supported by an increasing level of extracellular signal-regulated kinase (ERK) phosphorylation, which showed a similar dependence on VEGF dose ( fig. S1B ). For our in vivo studies, a dose of VEGF (100 ng/ml, V100) 10-fold higher than that applied in vitro was used for intramyocardial injection because the weight of the myocardium at the injection site was about 10-fold greater than that of the injected NF (80 mg of NF per 720 mg of myocardium), as described previously (30, 36) . In addition, a 10-fold higher dose of VEGF (1000 ng/ml, V1000) was used to test the dose effect of VEGF.
To confirm whether the NF could carry this concentration of VEGF via physical noncovalent interaction, we calculated the maximal binding capacity of NF for VEGF, which was about 3000 to 10,000 ng/ml ( fig. S2A) . Next, the release of VEGF (100 and 1000 ng/ml) from NF was found to last for at least 14 days in vitro ( fig. S2 , B and C), which is consistent with the findings reported by Gelain et al. in fibers with a similar sequence (37) . Finally, we investigated the in vivo release kinetics of VEGF injected into rat myocardium immediately after MI, with or without NF (Fig. 1A) . We confirmed that both VEGF deliveries (100 and 1000 ng/ml) were retained within the myocardium for 14 days when injected with NF ( Fig. 1, B and C) .
We used a rat experimental MI model to examine the therapeutic effects of intramyocardial NF/VEGF injection. At 28 days after MI, the intramyocardial NF/VEGF injection significantly improved cardiac systolic function compared with NF or VEGF alone, as indexed by the left ventricular fractional shortening (LVFS) (Fig. 1D) . Correspondingly, the NF/VEGF injection also effectively prevented pathological remodeling and ventricular dilation as evidenced by restrained infarct size ( Fig. 1E and fig. S3A ) and reduced collagen deposition in the noninfarct region ( fig. S3 , B and C). NF/VEGF treatments also decreased the left ventricle end-systolic and end-diastolic diameters (LVESD and LVEDD, respectively) ( Fig. 1, F and G) . In contrast, although there was a marginal dose-dependent amelioration of the LVFS, infarct size, collagen deposition of non-infarct region, LVESD, and LVEDD for the VEGF-treated groups at 28 days after MI, there was no significant difference between the phosphate-buffered saline (PBS) and the VEGFonly treatment groups, which indicates that the delivery of VEGF alone was not sufficient to provide cardiac benefits after MI.
NF/VEGF promotes arteriogenesis after MI Next, the capillary density of the different treatment groups was investigated. A dose-dependent increase was observed after VEGF treatment without NF ( fig. S4 ), suggesting that angiogenesis is achieved by injection of VEGF alone after MI. Moreover, injection of NF alone also significantly improved the level of angiogenesis after MI, indicating that NF provides an angiogenic environment, a finding consistent with previous studies (30, 36) . Surprisingly, there was no difference between the groups that were subjected to VEGF (1000 ng/ml), NF/V100, or NF/V1000 treatment after MI. This result is in contrast to the findings reported above where NF/VEGF injection provided a greater cardiac benefit than injection of VEGF alone, suggesting that angiogenesis is unlikely to be the only mechanism involved in the modulation of cardiac function.
Looking at other possible mechanisms, we found that injecting NF/VEGF significantly increased the vascular densities of both arterioles and arteries at 28 days after MI (Fig. 2, A to C) . In contrast, treatment with VEGF alone after MI did not demonstrate a significant effect in terms of arteriogenesis at the peri-infarct area. These results support the idea that arteriogenesis, not angiogenesis, plays a crucial role in improving cardiac performance after MI. Furthermore, there appears to be an increase in both arteries and veins on the basis of vascular wall thickness after injecting VEGF with or without NF. It is interesting that the percentage of veins within large vessels in the myocardium is higher when receiving VEGF (1000 ng/ml) alone than with either of the NF treatments with VEGF ( Fig. 2D ), indicating that merely increasing VEGF dose without providing essential support may not be sufficient to form strong large vessels.
Local delivery of NF/VEGF does not cause systemic harmful effects It was reported that the risk of hypotension, proteinuria, and general edema was raised because of vascular leakage resulting from increased VEGF dose (5, 7, 9, 38) . To test whether the high-dose VEGF injection would cause any systemic adverse effects, we designed an additional experiment to examine vascular leakage into the vital organs (Fig. 3A) . Rats were injected with PBS, VEGF (1000 ng/ml), NF alone, or NF/V1000 within the myocardium, which was followed by intravenous injection of red fluorescent nanoparticles (FluoSpheres). Significantly more extravasated FluoSpheres were detected in the brain, lungs, liver, spleen, and kidneys of rats that had received VEGF only than in those that received NF/VEGF (day 0 group; Fig. 3B and fig. S5 ). This finding indicates that systemic vascular leakage is induced by the injection of high-dose VEGF. In contrast, the injection of NF/VEGF improved FluoSphere retention in the myocardium 7.8-fold compared with all other treatment groups (day 0 group; Fig. 3B and fig. S5 ). Consistent with these findings, the detrimental proteinuria was significantly increased in rats treated with VEGF alone, but not in those treated with NF/VEGF, as evidenced by examination of proteins within urine (Fig. 3C ).
NFs create an intramyocardial microenvironment for myofibroblast engraftment We conducted a time-course study to explore the underlying mechanism behind enhanced arteriogenesis after NF/VEGF injection. Rats were given intramyocardial injections of PBS, VEGF (100 ng/ml), NF, or NF/V100 after an experimental MI and were then sacrificed at 3, 7, or 14 days after MI. Our results demonstrated that a-smooth muscle actinpositive (a-SMA + ) myofibroblasts populated the infarcted myocardium of all groups at 3 days after MI (Fig. 4 and fig. S6 ). The myofibroblasts were preserved within the myocardium at 7 days after injection of the NF with or without VEGF, which implies that the myofibroblasts were mostly acquired through the microenvironmental benefits of the NF rather than by the influence of the prolonged VEGF. This finding is consistent with the increased recruitment of nonvascular integrated SMCs to the myocardium at 28 days after injection of NF alone ( Fig.  2A) . NF/VEGF injection also preserved more a-SMA + cells for a long period (Fig. 4B) . Because there was no difference in the level of a-SMA + cell proliferation between the NF and the NF/VEGF groups at 7 days after MI, we speculated that the long-term a-SMA , and (G), data are means ± SEM (n = 8 to 10 per group). *P < 0.05; **P < 0.01; ***P < 0.01; n.s., not significant (two-way ANOVA with Bonferroni's post hoc test).
by arteriogenesis at 28 days after MI (Fig. 2 , B and C). Together, these results support the concept that functional arteriogenesis requires VEGF-dependent angiogenesis after NF-mediated mural cell acquisition. A study was then designed to verify the capacity of NFs to capture circulating bone marrow cells (BMCs), which are a source of myofibroblasts and are recruited into the injured area (39) . Rats received intravenous injections of 1 × 10 7 allogeneic 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI)-labeled BMCs at 7 days after MI, along with intramyocardial injection of PBS, VEGF (100 ng/ml), NF, or NF/V100, and were then sacrificed 8 days after MI (Fig. 5A) . The results revealed that significantly more DiI + BMCs were retained within the myocardium of rats that received injections of NF compared with rats injected with VEGF or PBS (Fig. 5 , B and C). Notably, the level of myocardial DiI + BMC infiltration was significantly enhanced by the NF/VEGF injection compared with the injection of NF or VEGF alone. This synergistic effect suggests that a chemotactic or vessel-promoting effect of VEGF couples with an optimally retentive NF microenvironment to retain circulating BMCs.
To further explore the cell recruitment and retention mechanisms, we examined the expression profile of adhesion molecules within the infarct myocardium following various treatments at 3 days after MI. Among them, we found that b 2 -integrin expression was markedly up-regulated after NF/VEGF injection (Fig. 5D) . We thus repeated the BMC injection experiment with cells pretreated with b 2 -integrin blockage (Fig. 5A) . The effect of cell recruitment and retention disappeared in the NF and NF/VEGF groups, whereas the VEGF group seemed not to be greatly affected (Fig. 5 , B and C). A similar finding was observed in the in vitro cell adhesion study, where we cultured freshly isolated BMCs on NF-coated, collagen-coated, and noncoated dishes. Consistently, there were significantly more adhered cells in the NF-coated group than in other groups, whereas this effect was blocked after b 2 -integrin neutralization of BMCs (Fig. 5E ).
To clarify whether there are other factors affecting the influx of BMCs, we examined the level of sustained myocardial vascular leakage at 7 days after MI (Fig.  3A) . Our results revealed that there was only mild vascular leakage within the heart of the NF/VEGF treatment group (day 7 group; Fig. 3B and fig. S7 ). We also examined the macrophage (CD68 + cells) infiltration at various time points to test whether the inflammatory response affects cell recruitment after MI ( fig. S8A ). The inflammatory response persisted beyond 7 days after MI in the PBS group, whereas it decreased at 7 days after MI in the NF, VEGF, and NF/VEGF treatment groups ( fig. S8B ). Together, these results imply that recruitment of reparative cells, such as myofibroblasts or BMCs, may not be directly attributed to vascular leakage or inflammatory response.
NF/VEGF recruits cardiomyocyte-like small cells after MI Surprisingly, we detected more cardiac troponin I-positive (cTnI + ) small cells, which were previously defined as putative myocyte precursors (35) , within the injected myocardium at 28 days after MI following NF/VEGF injection than in the other groups ( fig. S9) . To further confirm on August 8, 2012 stm.sciencemag.org that these cTnI + small cells were not mere debris of remnant cardiomyocytes, we conducted a genetic fate-mapping approach using inducible MerCreMer-ZEG mice as described previously (40) . In brief, the cardiomyocytes were specifically labeled with green fluorescent protein (GFP) after a short period of tamoxifen pulse, and the GFP − cardiomyocytes represent newly generated cardiomyocytes derived from endogenous stem/progenitor cells after injury (40) . Therefore, the GFP − /cTnI + small cells may indicate stem/progenitor cell-derived cardiomyocyte-like cells in this system. The mice were injected with PBS, VEGF (100 ng/ml), NF, or NF/V100 after experimental MI (Fig. 6A and  fig. S10 ). Injection of NF/VEGF recruited significantly more GFP − /cTnI + small cells than did the injection of PBS, VEGF alone, or NF alone (Fig. 6 , B and C). There were also slightly more GFP-negative mature cardiomyocytes observed in the NF/VEGF treatment group, with no significant differences compared with the control. Nevertheless, the results suggest that the injection of NF/VEGF can provide an intramyocardial microenvironment that is favorable for induction of endogenous cardiomyocyte regeneration.
Intramyocardial NF/VEGF injection increases cardiac performance and arteriogenesis after MI in pigs We then performed experimental infarction in an established pig model (30) to test the therapeutic efficacy and the clinical translational potential (Fig. 7A ). PBS, VEGF (100 ng/ml), NF, or NF/V100 was injected immediately after MI. Consistent with the results in rats, VEGF-only injection slightly improved cardiac function with no significant difference compared with control, whereas NF/VEGF injections significantly improved cardiac performance at 28 days after MI (Fig. 7B) . The reduced infarct size (Fig. 7C and fig.  S11 ) and hemodynamic parameters, such as +dP/dt, −dP/dt, time constant of LV pressure decay, and maximum chamber elasticity, also showed consistency (table S1) . Moreover, similar to the outcome in rats, delivery of VEGF with and without NF both improved after MI angiogenesis (Fig. 7D and fig. S12 ), but only the NF/VEGF injection significantly improved arteriogenesis at 28 days after MI (Fig. 7, E  and F, and fig. S13 ). This result suggests that the cardiac benefit relies on arteriogenesis rather than angiogenesis after MI.
DISCUSSION
VEGF therapies have failed to show consistent benefits in recent clinical trials of ischemic cardiovascular disease (8, 9) , and intensive efforts have been devoted to determine both the key problems and the potential solutions (14, 17) . The results of our study suggest that therapeutic outcome relies more on arteriogenesis than angiogenesis, and that this effect cannot be achieved by a mere increase in VEGF dose. This study demonstrated that NFs 3 . A high dose of VEGF induces severe general vessel leakage, whereas NF/VEGF exerts myocardiumlocalized effects. (A) Various treatment formulations were injected intramyocardially into the area of the LAD territory. After 40 min or 7 days, red fluorescent FluoSpheres were intravenously injected (day 0 and day 7 groups, respectively). Thirty minutes after FluoSphere injection, animals were sacrificed, and urine and major organs were collected. (B) Fold change in extravasated FluoSpheres compared to the PBS-treated group. *P < 0.05, **P < 0.01, ***P < 0.001, compared to all other treatment groups at day 0; n.s., not significant, as indicated by brackets at day 7 (one-way ANOVA with Newman-Keuls post hoc test). (C) Fold change in proteinuria compared to the PBS-treated group at day 0. *P < 0.05, one-way ANOVA with Newman-Keuls post hoc test. For (B) and (C), data are means ± SEM (n = 4 to 5 per group).
create an intramyocardial microenvironment that can recruit endogenous myofibroblasts for improved repair after MI. Specifically, the effect of the resultant microenvironment can be further enhanced with sustained VEGF release via NFs and synergistically stimulate arteriogenesis as well as cardiac performance after MI. To date, the largest phase 2 clinical trial to use recombinant VEGF 165 for the treatment of ischemic cardiovascular disease was performed by Henry et al. in 2003 (8) . This study demonstrated that treatment with low-dose VEGF failed to improve cardiac symptoms and function, whereas treatment with high-dose VEGF reduced angina frequency but did not improve cardiac function when compared with the placebo-treated group. In the current study, we present a similar finding that an increased VEGF dose is slightly more favorable, but not sufficient, to improve cardiac function after MI. It appears that arteriogenesis is more important than angiogenesis for a cardiac benefit, as suggested by an improved LVFS and reduced cardiac dilation and infarct size, as well as the preservation of cardiomyocytes around the matured arteries in both rats and pigs. Nevertheless, our data demonstrate that arteriogenesis cannot be induced by treatment with VEGF alone, even after a 10-fold increase in VEGF dose (up to 1 mg/ml). Indeed, increasing the VEGF dose may not be ideal for clinical applications because this increase is often accompanied by aggravated risks of hypotension, general edema, tumorigenesis, and metastasis (5, 9). Consistently, we also observed augmented proteinuria, increased ratio of venogenesis, and vascular leakage in the brain, lungs, liver, spleen, and kidneys in the group that was subjected to high-dose VEGF. Notably, these harmful complications were not observed when high-dose VEGF was delivered with NF, which demonstrates the safety and efficacy of controlled delivery with NFs, in line with our previous study (33) .
Consistent with our results, it has been shown that arteriogenesis is therapeutically more critical and beneficial than angiogenesis (14, 15, 17) . Although previous studies have demonstrated that arteriogenesis can be promoted by the delicate dual or triple delivery of growth factors and cells with biomaterials (15, 16, 41, 42) , it relies on the precise controlled sequential on August 8, 2012 stm.sciencemag.org release or direct serial delivery, which is unfavorable for clinical use. The present study has provided a relatively simple approach and has obtained not only equivalent efficacy of arteriogenesis but also positive cardiac improvements after MI, suggesting that NFs act as more than just a carrier for controlled delivery. We propose that spontaneous and specific regulation of arteriogenesis is activated within the microenvironment of the NF/VEGF injection site, and that this regulation can be attributed to several distinct properties of the NFs. First, the NFs used here are composed of selfassembling peptide fibers with diameters of 10 to 20 nm. This conveniently allowed for a true three-dimensional cell culture environment similar to the natural ECM (10 to 300 nm) (43) . Conversely, most biomaterials for tissue engineering are fibers ranging from 10 to 100 mm in diameter, which only allow two-dimensional cultures because they are as large as most mammalian cells (21, 29, 44) . Second, the NFs are degraded slowly, such that about 70% of the material is retained within the injected myocardium for as long as 1 month (30) . This retention may aid in the provision of a stable milieu and space for cell anchorage as well as vessel formation. By contrast, Adherent BMCs were counted after 1 hour of culture on various substrates with and without b 2 -integrin blockage. For (C) to (E), data are means ± SEM (n = 3 to 6 per group). *P < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA with Newman-Keuls post hoc test. most biocompatible hydrogels are either rapidly degraded or nondegradable. Third, the use of NFs also allows for the sustained release of VEGF as well as several other drugs or growth factors via physical embedding or chemical immobilization (31) (32) (33) (34) (45) (46) (47) . Last, NF implantation creates an intramyocardial microenvironment that promotes the recruitment, retention, and maturation of vascular and cardiac stem/progenitor cells (30, 35) , enhancing their therapeutic potential. Together, NFs have all the aforementioned qualities to create an instructive microenvironment for arteriogenesis in vivo.
Myofibroblasts are recruited into the myocardium and undergo apoptosis as part of scar formation and ventricular remodeling after infarction (39, 48, 49) . Our data demonstrated that myofibroblasts were enriched within the myocardium at 3 days after MI and then rapidly decreased in number. The accumulation of nonvascular integrated SM22a + cells at 28 days after MI indicated that NF-constructed microenvironments could preserve myofibroblasts within the myocardium for at least 7 days after infarction and could promote further SMC differentiation. The results are consistent with our previous study (30) , which demonstrated that NF injection could retard harmful collagen deposition (49) and diastolic dysfunction due to a reduction in myofibroblast apoptosis. Together, the enhanced replenishment of myofibroblastderived SMCs and the engraftment of exogenous BMCs by the NFs indicate that the NF/VEGF injection has created a microenvironment that provides a relocation base for circulating BMCs, which can then home to injured sites and differentiate into mural cells for arteriogenesis. Endogenous repair may be facilitated by direct VEGF signaling (such as via a chemoattractant) (50), VEGF-induced angiogenic network (improving the arrival of endogenous stem/ progenitor cells), or the activated inductive microenvironment termed the vascular niche (6, 51).
Davis et al. reported that within the NF-injected region of normal myocardium, there was an infiltration of putative myocyte precursors that expressed a-sarcomeric actin and Nkx2.5 (35) . Nevertheless, these cardiomyocyte-like cells were not found after MI in the followup study (31) . The present study demonstrated that the NF/VEGF injection gave rise to an infiltration of cardiomyocytelike small cells within the infarcted myocardium, indicating that endogenous cardiac regeneration after MI may be induced by the recreated vascular niche. Future studies on how to intensify and optimize this effect to obtain mature and functional cardiomyocytes may help reach the ultimate cardiac restoration.
Increasing reports have revealed the advantage and importance of biomaterials in cardiac tissue engineering (20, 52, 53) . Despite the enthusiasm, there are relatively few ongoing clinical trials using injected materials for cardiac repair (ClinicalTrials.gov identifiers: NCT00557531, NCT01311791, NCT01226563), maybe due to a lack of evidence in large-animal studies, which are necessary before moving to humans. We performed a large-animal study with a pig model to demonstrate the translational potential. However, because the immediate treatment after MI may not be relevant to clinical situations, whether this approach also works in the chronic case and whether there exists an optimal therapeutic time window require further examination. The optimization of NF/VEGF dose and long-term studies are also needed for clinical translation. In addition, although we showed the major merit of NFs to build beneficial microenvironments, the exact pivotal cues may be attributed to the biometric fiber diameter, tendency to induce cell adhesion, slow degradability, or a combination of all of these. Therefore, the underlying mechanism as well as the criteria for biomaterial design still requires further investigation. In conclusion, here we report that NFs are able to create an in vivo microenvironment for cardiovascular regeneration and also provide positive therapeutic effects after MI in both small and large animals. This strategy holds promise for future research not only in basic tissue engineering but also in translational medicine.
MATERIALS AND METHODS
All animal procedures were approved by the National Cheng Kung University Institutional Animal Care and Use Committee.
Rat experimental MI model
Male Sprague-Dawley rats (~250 g) were anesthetized, and the chest cavity was opened either without coronary artery ligation (sham) or with permanent ligation of the left anterior descending (LAD) coronary artery. Then, a total of 80 ml of each of the various treatment formulations was given by intramyocardial injection divided among six different sites at the border zones and the infarcted area of the heart. Cardiac performance was assessed by echocardiography; animals were then sacrificed and their tissues stained for levels of pathological remodeling, angiogenesis, and arteriogenesis (Supplementary Methods).
Preparation of NF/VEGF treatments and the in vivo release kinetics of VEGF Self-assembling peptide NFs (peptide sequence AcN-RARADADARARADADA-NH 2 ; SynBioSci) were gel-formatted with sterile PBS as solvent, as described previously (30) . Recombinant human VEGF 165 was thoroughly mixed with either the NF or PBS at a volume ratio of 1:9 to obtain the required concentration for each experiment. Rat hearts with various treatments were harvested at various time points, and the border and infarct myocardium were trimmed and dissolved in 400 ml of nonreducing buffer containing 1% Triton X-100, 50 mM tris (pH 7.4), 300 mM NaCl, 5 mM EDTA, and 0.02% NaN 3 , supplemented with a proteinase inhibitor cocktail (Sigma-Aldrich) at a 1:200 dilution for protein extraction. The soluble protein extracts were then subjected to a human VEGF 165 enzyme-linked immunosorbent assay (eBiosource).
Exogenous BMC injection study At 7 days after treatment, rats were intravenously injected with 10 7 rat BMCs, which had been freshly isolated from the tibias and femurs and labeled with DiI (Invitrogen) for tracing. For b 2 -integrin blockage, 0.5 × 10 6 cells were incubated with anti-b 2 -integrin monoclonal antibody (BD Pharmingen) at a concentration of 20 mg/ml for 30 min on ice immediately before injection (54) . The rats were then sacrificed 1 day after the BMC injection, and hearts were harvested for tissue processing as described above. The myocardial sections were stained with 4′,6-diamidino-2-phenylindole (DAPI), and four pictures were taken blindly for each section. DiI signal was detected with a red fluorescence filter set at a constant exposure time. Only cells whose nuclei were surrounded with DiI signal were counted as DiI + cells.
Cardiomyocyte-specific fate-mapping study Double-transgenic MerCreMer-ZEG mice were generated as described previously (40) . Tamoxifen (Sigma) was dissolved in sunflower oil (Sigma) at a concentration of 5 mg/ml and was injected intraperitoneally at a dose of 40 mg per gram body weight per day for 14 days. The GFP − /cTnI + cells were quantified blindly, and the nuclei of the counted cells were surrounded with cTnI, but not GFP, signals.
Pig model of experimental MI
Sexually mature Lanyu mini-pigs (~5 months old) were induced with MI by a permanent occlusion of mid-LAD coronary artery, immediately followed by injection of 2 ml of PBS or 1% NF with or without VEGF (100 ng/ml) into the peri-infarct and infarct areas. Cardiac functions were assessed by echocardiography before and immediately after MI and together with hemodynamic measurements through catheterization 4 weeks later.
Pigs were then sacrificed, and hearts were harvested as previously described (30) . In brief, the atria and right ventricles were removed, and then the LVs were cut into two parts at the papillary muscle insertion site and placed upright. Necrotic tissue (pale) was quantified by manual tracing and software calculation (ImageJ).
Statistical analysis
Differences were determined by two-tailed unpaired t test or oneway repeated-measures ANOVA with Newman-Keuls post hoc test to compare means between multiple groups, or by two-way ANOVA with subsequent Bonferroni's post hoc test to compare means between multiple groups on multiple time points. A P value of <0.05 was considered statistically significant.
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